Lung arteriovenous (AV) shunts or malformations cause significant morbidity and mortality in several distinct clinical syndromes. For most patients with lung AV shunts, there is still no optimal treatment. The underlying molecular and cellular etiology for lung AV shunts remains elusive, and currently described animal models have insufficiently addressed this problem. Using a tetracycline-repressible system, we expressed constitutively active Notch4 (Notch4*) specifically in the endothelium of adult mice. More than 90% of mice developed lung hemorrhages and respiratory insufficiency and died by 6 -7 wk after gene expression began. Vascular casting and fluorescent microsphere analysis showed evidence of lung AV shunts in affected mice. Cessation of Notch4* expression reversed these pathophysiological effects. Assessment of the vascular morphology revealed enlarged, tortuous vessels in the lungs that resembled arteriovenous malformations. By using whole lung organ culture, we demonstrated the effects of constitutively active Notch4 on the lung vasculature to be a primary lung phenomenon. Together, our results indicate the importance of Notch signaling in maintaining the lung vasculature and offer a new, reliable model with which to study the pathobiology of lung arteriovenous shunts and malformations. vascular; pulmonary; endothelium; Notch LUNG ARTERIOVENOUS (AV) shunting and malformations (AVMs) can occur in a variety of clinical settings, including hepatopulmonary syndrome (32), congenital heart disease (resulting from cavopulmonary anastomosis) (2, 38), hereditary hemorrhagic teleangiectasia (HHT) (8), and as isolated lesions (11). Approximately one-third of patients with HHT (incidence 1 in 10,000) (8) or cirrhosis (incidence 5% of the general population) (12, 34) have been estimated to harbor lung AV shunts or malformations. In addition to pulmonary symptoms such as hypoxia, fatigue, hemoptysis, and hemothorax, patients with lung AV shunts also experience significant central nervous system events such as cerebral abscess formation, stroke, transient ischemic attack, cerebral hemorrhage, and chronic migraines (7). Treatment of lung AV shunts depends on the specific clinical syndrome and may include embolization (6, 17), surgical resection (7), redirection of hepatic-vein flow (35), and liver transplantation (19). Since none of these therapies is both definitive and readily available for most patients, no optimal treatment for lung AV shunts currently exists. Lung AV shunts therefore remain a vexing clinical problem.
LUNG ARTERIOVENOUS (AV) shunting and malformations (AVMs) can occur in a variety of clinical settings, including hepatopulmonary syndrome (32) , congenital heart disease (resulting from cavopulmonary anastomosis) (2, 38) , hereditary hemorrhagic teleangiectasia (HHT) (8) , and as isolated lesions (11) . Approximately one-third of patients with HHT (incidence 1 in 10,000) (8) or cirrhosis (incidence 5% of the general population) (12, 34) have been estimated to harbor lung AV shunts or malformations. In addition to pulmonary symptoms such as hypoxia, fatigue, hemoptysis, and hemothorax, patients with lung AV shunts also experience significant central nervous system events such as cerebral abscess formation, stroke, transient ischemic attack, cerebral hemorrhage, and chronic migraines (7) . Treatment of lung AV shunts depends on the specific clinical syndrome and may include embolization (6, 17) , surgical resection (7), redirection of hepatic-vein flow (35) , and liver transplantation (19) . Since none of these therapies is both definitive and readily available for most patients, no optimal treatment for lung AV shunts currently exists. Lung AV shunts therefore remain a vexing clinical problem.
Part of the challenge in understanding the biology of lung AV shunts lies in their variable demographic and morphological characteristics. These lung lesions can be acquired or inherited, diffuse or discrete, and can occur in pediatric or adult patient populations. In addition, lesions that include enlargement or aneurysmal dilation of vessels as well as tortuous nests of vessels at the arteriovenous junction are variably described as "shunts," "fistulae," and "arteriovenous malformations." This variety in presentation and nomenclature has made the study of lung AV shunts a challenging field that includes several animal models.
Data from the sheep and rat models of cavopulmonary anastomosis, and the rat model of hepatopulmonary syndrome (common bile duct ligation), have shed some light on the molecular mediators that may regulate lung AV shunts. These studies have demonstrated elevations in local hypoxia-inducible factor (HIF-1␣), vascular endothelial growth factor (VEGF) (25, 28) , angiotensin-pathway proteins (24, 26) , and endothelin-1 receptor B. In addition, these models have indicated a possible association between lung AV shunts and pulmonary endothelial nitric oxide synthase (eNOS) (9, 44) and oxidative stress (25) . None of these molecular associations, however, has completely characterized the mechanism underlying the ultimate pathological findings in lung AV shunts. Moreover, the lack of a sound murine model for lung AV shunts has prevented further discoveries using powerful transgenic technology. Development of such a model would be a significant contribution to the field.
More recent data indicate possible links between the aforementioned molecular mediators and Notch signaling in lung vascular homeostasis. For example, Zhang et al. (43) have found that, in the rat model of hepatopulmonary syndrome, activation of lung endothelial VEGF-A, eNOS, and Akt is accompanied by pulmonary angiogenesis. In addition, Notch signaling has emerged as a key mediator of angiogenesis, in particular for its role in arteriovenous specification (16, 42) . The transmembrane Notch receptor is critical to proper differentiation of all mammalian tissues studied to date, enabling cell fate decisions through cell-cell communication (18) . Ligand binding of the Notch extracellular domain results in a series of cleavage events that releases the intracellular domain (ICD), which translocates to the nucleus and activates transcription of downstream genes (18) . Disruptions of Notch signaling, both loss-of-function and gain-of-function, result in abnormal vascular remodeling and arteriovenous shunting, which demonstrate the importance of Notch receptors in proper vascular maintenance (15, 20, 40) . Based on previous data that demon-strate an elevation in endothelial Notch4 expression before lung AV shunts develop in sheep (23) and additional studies that show consistent expression of Notch4 in mouse lung endothelium (41), we hypothesized that expression of constitutively active endothelial Notch4 (Notch4*) would induce lung AV shunts (enlarged arteriovenous communications) as a primary phenomenon.
MATERIALS AND METHODS
Mice. Tie2-tTA:TRE-int3 (henceforth to be called Notch4* mutants) and TRE-LacZ transgenic mice have been described (5) . The Tie2-tTA construct consists of a gene encoding the tetracycline transactivator (tTA) that is coupled to the Tie2 promoter, which confers endothelial specificity. The TRE-int3 and TRE-LacZ constructs consist of a tetracycline response element (TRE) coupled to the gene for a constitutively active form of Notch4 (int3) or to the gene encoding ␤-galactosidase (LacZ). Breeding mice to bear both the Tie2-tTA and TRE-int3 or TRE-LacZ constructs allows for temporally regulatable gene expression. In the presence of tetracycline or doxycycline, the tTA is inactive, whereas upon withdrawal of tetracycline or doxycycline, the tTA can bind the TRE and promote gene expression. For adult mouse experiments, breeding pairs and pups were given a Dox (200 mg/kg, Bio-Serv) diet until postnatal day 21. Adult mice were studied between 6 and 7 wk after withdrawal of the Dox diet. Embryos were genotyped as described previously (3) . All animals were treated in accordance with the guidelines of the UCSF Institutional Animal Care and Use Committee, and all protocols were approved by this committee.
Organ culture of whole embryonic lungs. For experiments using organ culture of whole embryonic lungs, pregnant dams were treated with Tet sucrose solution (0.5 mg/ml tetracycline, 50 mg/ml sucrose, Sigma) in their drinking water from conception until embryonic day (E) 10.5. Embryos were then harvested on E11.5, and lung buds were dissected en bloc in ice-cold HBSS. The lung buds were then placed on a 0.4-m transwell filter and cultured in DMEM/F12, 10% FBS, ascorbic acid (0.1 mg/ml), and penicillin/streptomycin (50 U/ml) for 48 h in 5% CO 2 at 37°C. Lung buds were then fixed with 4% PFA and dehydrated, and whole mounts were stained for the endothelial cell marker CD31 so that blood vessels could be viewed.
Gene expression analysis. Total RNA was extracted from whole lungs with TRIzol (Invitrogen) and reverse transcribed. Quantitative real-time PCR was performed using the MJ Research (Bio-Rad) DNA Engine Opticon 2 system. Normalized expression was calculated using hypoxanthine guanine phosphoribosyltransferase (HPRT) as a reference. Int3 (Notch4*) cDNA was amplified with transgene-specific primers that do not amplify the endogenous Notch4 gene: 5Ј-gggtcttccagttcaccaag-3Ј and 5Ј-tttgccccctcca-tataaca-3Ј. The following primer sequences were used for HPRT: 5Ј-agctactgtaatgatcagtcaacg-3Ј and 5Ј-agaggtccttttcaccagca-3Ј.
Arterial blood gas analysis. After mice were anesthetized with 2% isoflurane in room air, the femoral artery was cannulated via cutdown with a specially designed catheter inserted to the level of the thoracic aorta. Mice were given 50 l of heparin (50 mg/ml) subcutaneously. Isoflurane anesthesia was titrated between 2 and 3% to a respiratory rate of ϳ100. Two hundred microliters of arterial blood were sampled and kept on ice until analysis with an arterial blood gas analyzer (Chiron/Diagnostics Critical Care Systems).
Lung procurement, inspection, and vascular imaging. After being fed the Dox diet for either 4 or 6 -7 wk (when mice began to exhibit symptoms), mice were anesthetized with 2% isoflurane and given 50 l of heparin (50 mg/ml) subcutaneously. Mice were then euthanized and exsanguinated by transecting the abdominal aorta. After median sternotomy and chest wall retraction, anterior and posterior surfaces of the lungs were carefully inspected, and the total number of hemorrhages per animal was noted and recorded as the "lung hemorrhage count." Following left atriotomy and gentle perfusion of the pulmonary artery with 3 ml of PBS, a tracheal tube was placed, and the lungs were inflated with 4% PFA or 3% low-melting point agarose using a 23-cm column. Casting was done using the following specific modifications for lung tissue. First, blood was cleared from the lungs by transecting the carotid artery and then infusing 3 ml of PBS into the inferior vena cava. Microfil casting agent (Flowtech, 1:2 dilution ϩ 3.2% curing agent) was infused into the pulmonary artery via hand injection by an experienced technician. Lungs were then inflated with 10% formalin via tracheal tube, fixed in 10% formalin overnight, and then cleared with ethanol-methylsalicylate per the manufacturer's instructions.
In some mice, fluorescent agarose perfusion was performed to better visualize the complete vascular network. After clearing the blood from the lungs as described for the casting procedure above, left atriotomy was performed, and the pulmonary artery was cannulated. The lungs were perfused first with 1.5 ml of 1% PFA, then with 0.5 ml of fluorescein isothiocyanate-dextran, lysine-fixable (2.5 mg/ml, 70 kDa, anionic, Invitrogen), in 0.7% agarose type VII (SigmaAldrich) in PBS at 55°C. Silk ties around the base of the heart and the pulmonary artery trapped the perfusate in the vascular tree. The lungs were then inflated with 4% PFA at 4°C, using a 23-cm column, causing the agarose to solidify. To remove the residual air from the airways, lungs were inflated and deflated three to four times with the head of the mouse slightly elevated. The lungs were excised en bloc, fixed in 4% PFA overnight, and then cleared with a gradient of sucrose solutions, up to 60% sucrose over 2 days, at 4°C. Lungs were then dissected into individual lobes and imaged with a Leica MZ16 FA microscope using Image-Pro Plus software.
Vascular shunting. After vascular casting with Microfil and clearing, lung blocks were dissected into individual lobes, inspected under a dissecting microscope, and imaged from anterior and posterior perspectives using a Leica MZ16 microscope. Due to the viscosity of the casting agent, the veins of the pulmonary vasculature typically do not fill. Therefore, vein filling seen in captured images was interpreted as an indication of arteriovenous shunting. The number of affected lobes (main lobar pulmonary vein filling) was counted for each animal.
For microsphere experiments, mice were anesthetized with 2-3% inhaled isoflurane, and the right carotid artery was isolated and ligated distally. Next, 1.25 ϫ 10 5 6-m-diameter fluorescent microspheres (Molecular Probes) in PBS were injected into the inferior vena cava while the isolated carotid artery was transected proximally. All of the exsanguinated arterial blood was recovered by aspiration, and microspheres were counted manually using a fluorescence microscope and hemacytometer.
Immunohistochemistry and lung bud analysis. ␤-galactosidase was detected by activity or with an anti-␤-galactosidase antibody as we have described (5) . Cultured whole organ lung buds were immunostained to illuminate the blood vessels with anti-CD31 antibody (BD Pharmingen, clone MEC 13.3, 1:500 dilution) using the protocol previously published by Metzger et al. (27) . All cultured lung buds were photographed under ϫ2.5 magnification using a fluorescence microscope. The perpendicular diameter of every blood vessel surrounding an empty air space was quantified using Image-Pro Plus software. Vessels greater than 50 m in diameter and all air spaces in each specimen (whole organ block of both lungs) were counted by a single observer, blinded to the identity of the specimens.
Statistical analysis. All data are expressed as means Ϯ SD. Groups were compared using Student's t-tests and analysis of variance with Bonferroni post hoc testing where appropriate. A P value of Ͻ0.05 was considered statistically significant. reporter in embryonic and adult tissues such as yolk sac, liver, brain, and uterus (5, 13, 29) in the Tie2-tTA:TRE-int3 (now referred to as Notch4* mutants) and Tie2-tTA:TRE-lacZ mice. Because anti-Notch4-ICD immunostaining cannot distinguish between Notch4* and endogenous Notch4-ICD, and because of the relative abundance of Notch4 specifically in the lung (41) , for the current study we chose to measure lacZ reporter expression as a surrogate for Notch4* expression. Colocalizing immunohistochemistry for ␤-galactosidase and CD31, an endothelial cell marker, showed lacZ reporter expression to be restricted to the endothelium, and histochemical ␤-galactosidase staining demonstrated robust, diffuse activity of the tTA throughout the lung (Fig. 1) . Quantitative real-time PCR of RNA isolated from lung homogenates demonstrated a significant increase in Notch4* (int3) expression when doxycycline was withdrawn from the diet, starting at 1 wk and persisting at 5 wk after doxycycline withdrawal. Reinstitution of doxycycline promptly reversed Notch4* expression (Fig. 1) . We have previously shown that Notch4* upregulates endogenous Notch4 by approximately threefold (5), and so it is possible that the subsequently observed effects of the transgene are partially the results of increased levels of endogenous Notch4. However, since endogenous Notch4 is not constitutively active, the effect of the transgene is most likely to be predominated by a direct Notch4* mechanism.
By 6 wk after doxycycline was withdrawn, most Notch4* mutants began to show signs of illness, including disheveled fur, increased respiratory rate, decreased activity, and a hunched posture. When mutants were euthanized between 6 and 7 wk after doxycycline was withdrawn, more than 90% of animals had gross and microscopic evidence of lung hemorrhages (Fig.   2 ). The hemorrhages did not have a predilection for any particular lung lobe and corresponded to the general impression by the investigator of the severity of illness in the animals. Ill mutants were found to have punctate hemorrhages with a variable distribution, whereas moribund mice often were found to have entire lobes that were hemorrhagic. Hemorrhages were rarely seen in littermate controls and were always single and punctate. When a subset of mutants and controls were analyzed 4 wk after doxycycline withdrawal to determine if hemorrhaging preceded the onset of symptoms, no gross or microscopic hemorrhages were observed (data not shown). Arterial blood gas analysis at 6 -7 wk after doxycycline withdrawal showed significant impairments in oxygenation and ventilation, as demonstrated by decreased PO 2 and increased PCO 2 , in the mutants (Fig. 3) . Another subset of eight mutants had doxycycline reinstituted in their diet at the first signs of sickness (slightly decreased activity, disheveled fur, increased respiratory rate) ϳ6 wk after initial doxycycline withdrawal. The majority of these mice (7/8 or 87.5%) recovered, and at necropsy 6 wk after doxycycline reinstitution, the lungs appeared normal with no gross hemorrhages (Supplemental Fig.  S1 . Supplemental data for this article is available online at the AJP-Lung web site.). Therefore, expression of Notch4* was associated with diffuse lung hemorrhages and significant respiratory insufficiency, and cessation of Notch4* expression reversed these pathophysiological effects.
Arteriovenous shunting in adult Notch4* lungs. To further assess the origin of the lung dysfunction seen in Notch4* mutants, we performed vascular casting to view the pulmonary vasculature 6 -7 wk after doxycycline withdrawal. Due to the viscosity of the Microfil casting agent and the small caliber of Fig. 1 . Notch4* expression in adult mouse lung endothelium. A-C: immunostaining with anti-␤-gal demonstrates colocalization with the endothelial marker CD31 (scale bars, 50 m). D: when the tetracycline transactivator (tTA) was coupled to the lacZ transgene, ␤-gal reporter of tTA activity was diffusely detected by frozen section X-gal staining (scale bar, 100 m). E: quantitative PCR analysis of RNA extracted from whole lung shows increased expression of Notch4* (int3) in mutants (Tie2-tTA/TRE-int3) relative to controls or Dox-treated mutants. Reinstitution of doxycycline results in prompt reversal of tTA activity and repression of Notch4* expression. *⌬⌬Ct ϭ (Ct,int3 Ϫ Ct,HPRT)mouse x -(Ct,int3 Ϫ Ct,HPRT)TRE-int3Ave. the pulmonary capillaries, the casting material normally fills only the arterial circulation. Consistent with this casting behavior, the casting agent was observed in the venous circulation in only a single lung lobe of the six control mice. In contrast, the casting agent filled at least one main lobar vein in five of the seven Notch4* mutants, with an average of 2.4 Ϯ 2.1 main lobar veins filling (out of a possible 5) per animal (Fig. 4, A-E) . Filling of main lobar veins in the Notch4* mutants was evenly distributed over the left, right apical, right middle, right caudal, and right accessory lobes. The capillary network failed to hold the casting material, and no other obvious vascular defects were noted.
When fluorescent microspheres 6-m in diameter were injected into the venous circulation, a significant number of microspheres passed through the lungs and were recovered in the arterial blood of the Notch4* mutants 6 -7 wk after doxycycline withdrawal, whereas none were recovered in the control mice. A subset of mutants had doxycycline reinstituted in their diet at the first signs of sickness ϳ6 wk after initial doxycycline withdrawal. When these mice were analyzed 6 wk after reinstitution of doxycycline, significantly fewer microspheres were recovered in the arterial blood (Fig. 4F) . Therefore, expression of Notch4* was associated with development of arteriovenous shunts in a reversible fashion.
AVM-like lesions develop in Notch4* mutant lungs. Examination of the fluorescent agarose-perfused lungs allowed for visualization of the complete arteriovenous network in littermate control mice, including the capillary network intervening between arterial and venous circulations. In general, the larger- Fig. 3 . Notch4* mutants exhibit pulmonary insufficiency. Six to seven weeks after doxycycline was withdrawn from the diet, arterial blood gas analysis demonstrates decreased oxygenation and ventilation in the mutants (gray bars, n ϭ 8), with significantly decreased PO2 and increased PCO2 compared with controls (white bars, n ϭ 9). Error bars represent SD. caliber arterial circulation is positioned in a dorsal position, whereas the larger-caliber venous circulation is positioned in a ventral position. A typical arborization pattern of the vasculature was visualized in the lungs of littermate controls (Fig. 5, A-C) .
In the Notch4* mutants, in general, the deeper arterial vasculature, and in many areas, the capillary interface between artery and vein could be visualized (Fig. 5, D-F) . However, several areas of the vasculature were obscured, possibly due to hemorrhage that did not clear with the sucrose gradient or other flow abnormalities. In addition, the mutants exhibited areas of enlarged, tortuous vessels, in particular near the hilum of the individual lobes (Fig. 5, G-L) . Thus, Notch4* expression resulted in vascular perfusion irregularities and development of AVM-like lesions in the lungs.
Effects of Notch4* expression are a primary lung phenomenon. To assess the effects of Notch4* expression outside the influence of systemic effects and blood flow, we cultured embryonic lung bud explants. After tetracycline was removed from the drinking water of pregnant dams at E10.5, lung buds were dissected at E11.5, cultured for 48 h, and then fixed and stained for CD31. We found that when incubation began, the lung buds from mutants and controls were grossly indistinguishable, but that after 48 h of whole lung organ culture, Notch4* mutant lung explants developed a significantly increased number of large (Ͼ50 m diameter) vessels and fewer air spaces (Fig. 6 ).
DISCUSSION
In this study, we hypothesized that expression of constitutively active endothelial Notch4 would induce enlarged arteriovenous communications (AV shunts) as a primary phenomenon. Previously, we have shown that Notch4* expression in adult mice results in reversible portosystemic shunting and enlarged hepatic arteries (5) . In addition, we recently demonstrated upregulation of endothelial Notch signaling in human brain AVM specimens (30) . In the current study, our results indicate that sustained Notch4 activity in the lung endothelium results in arteriovenous shunting with development of AVM- Fig. 4 . Arteriovenous shunting in Notch4* mutant adult mouse lungs. A-D: vascular casts of the Notch4* mutants demonstrate consistent filling of the main lobar veins (arrows) as well as the main lobar arteries (arrowheads), whereas the viscous casting agent fails to fill the venous circulation of the controls. Representative lobes from both right and left lungs are shown. E: on average, more than 2 main lobar veins filled per mutant (n ϭ 7) vs. virtually none in the controls (n ϭ 6). F: a large number of 6-m-diameter fluorescent microspheres passes into the arterial circulation in the mutants (n ϭ 3), whereas significantly fewer were seen in that of controls (n ϭ 5) and mutants that had Dox diet reinstituted (n ϭ 3). Error bars represent SD.
like lesions in adult mouse lungs and enlarged embryonic lung vessels in whole organ lung explant cultures. These findings suggest that aberrant Notch4 expression may play a role in disease states that result in lung arteriovenous shunting. Notch4* expression is independently associated with lung vessel enlargement. When we first recognized lung abnormalities in the Notch4* mutants, we acknowledged that these abnormalities could also be explained by possible systemic effects of Notch4* expression such as heart failure and effects on other organ systems. These systemic effects occur because our transgenic mouse model lacks site specificity, i.e., the transgene is expressed in the endothelium throughout the organism when doxycycline/tetracycline is withdrawn from the diet. Therefore, to determine if Notch4* expression could have an independent effect on the lung vasculature, we used the explant culture technique for the whole lung, which is well described in the literature. By timing the removal of tetracycline to cause onset of Notch4* expression at the time of embryo dissection and the beginning of lung explant culture, we were able to assess the independent effects of the transgene. Although this way of studying the transgene required working in an embryonic system, the results nevertheless demonstrate a primary effect of Notch4* expression. Thus, our analysis shows that Notch4* expression is independently associated with increased numbers of enlarged lung vessels, and correlates well with other reports of Notch4 gain-of-function causing enlarged blood vessels (5, 13, 21).
Notch4* mutants provide a new model and pathway to explore the biology of lung AV shunts. Currently, there are few animal models of lung shunts/AVMs, and no reliable adult transgenic mouse models have been described. In one existing model, conditional deletion of the TGF-␤ receptor Alk1 (also known as Acvrl1) from the lung endothelium resulted in enlarged, tortuous blood vessels, but those mutant mice died by E18.5 and are therefore suboptimal for studying potential therapeutic strategies (31) . Another study of adult mice heterozygous for the Alk1 gene found that only 1 out of 47 developed lung lesions at age 11 mo (37). In addition, both the conditional knockout and heterozygous Alk1 mutants are described as models for the human disease HHT, which constitutes only a small fraction of patients with lung AV shunts. Other models, such as the sheep (26) and rat (39) cavopulmonary anastomosis models, can be cumbersome, expensive, and technically challenging. The rat hepatopulmonary syndrome (common bile duct ligation) model (10) has been productive and yielded important insights, but the lack of abundant transgenic rat strains is limiting, and application of this model in mice has not been published. In this study, we have shown that the induction of enlarged arteriovenous communications in the lungs of adult mice can be achieved in a temporally regulatable and reversible fashion. Our Notch4* mouse model, therefore, provides a novel approach for studying adult lung AV shunts by cross-breeding with other transgenic mice or investigating potentially inhibitory pharmacological agents. Notch signaling may be a common effector in lung AV shunt biology. The development of reversible arteriovenous shunting in the lungs of Notch4* mutants and the molecules implicated in other lung AV shunt/AVM models suggest that the Notch pathway may play a central mechanistic role. The effects of HIF-1␣ and VEGF, which are elevated in the sheep and rat lung AVM models (25, 28) , have been shown to be mediated through Notch signaling (22, 33) . In addition, Akt, which is increased in the rat hepatopulmonary syndrome model, acts via Notch signaling in some systems (1) . Finally, Notch has been shown to play a critical role in orchestrating the biological responses to TGF-␤ signaling (14) , such as the lung defects described in the Alk1 mice above.
How Notch signaling leads to AV shunting has not been completely described, but we and others (5, 21) have proposed that Notch-induced inhibition of new vessel sprouts leads to existing vessel enlargement. Our vascular casting and microsphere data demonstrate the presence of enlarged intrapulmonary arteriovenous channels. This process mimics that which has been described for the development of arteriovenous malformations in HHT, in which enlargement of the postcapillary venules is the initial morphological change (4). It is possible, then, that Notch activation is the final common pathway of various lung-AV shunt-inducing disease entities, causing vessel enlargement at the capillary bed interface. This initial vessel enlargement could then lead to changes in blood flow and cause further enlargement and tortuosity (36) , resulting in morphological vascular changes that ultimately result in clinically and radiographically apparent lung lesions. In summary, our results, together with the associations of Notch with the HIF-1␣, VEGF, Akt, and TGF-␤ pathways, suggest that Notch signaling may be a key effector in the development of lung AV shunts.
In conclusion, this study shows that expression of constitutively active endothelial Notch4 directly leads to pulmonary arteriovenous shunting in mice. Furthermore, aberrant Notch signaling may play a key role in the development of lung AV shunts, and the relevance of this pathway in the pathobiology of lung AV shunts/AVMs warrants further exploration. 
